Introduction

34
DNA methyltransferases (MTases) are enzymes which catalyze the addition of a methyl group 35 to a nucleotide base in a DNA molecule. These enzymes will methylate either adenine, producing 36 N6-methyladenine (6mA), or cytosine, producing either N4-methylcytosine (4mC) or C5-37 methylcytosine (5mC), depending on the type of MTase enzyme [1] . DNA methyltransferases 38 typically consist of three types of protein domains: an S-adenosyl-L-methionine (AdoMet) binding 39 domain which obtains the methyl group from the co-factor AdoMet, a target recognition domain
40
(TRD) which binds the enzyme to the DNA strand at a short nucleotide sequence known as the 41 recognition sequence, and a catalytic domain which transfers the methyl group from AdoMet to a species [38] [39] [40] [41] [42] . Recent research into the halophilic archaeal species Haloferax volcanii has 96 demonstrated a role for DNA methylation in DNA metabolism, and probably uptake: cells could not 97 grow on wild type E. coli DNA as a phosphorous source, whereas unmethylated E. coli was 98 metabolized completely [43, 44] .
In an effort to better understand this phenomenon, we 99 characterized the genomic methylation patterns (methylome) and MTases in the halophilic archaeal 100 species Haloferax volcanii [45, 46] . However, the distribution of RM systems and MTases among the 101 archaea has not been extensively studied, and thus their life histories and impact on host evolution 102 are unclear.
104
To that end we surveyed the breadth of available genomes from public databases representing 105 the class Halobacteria, also known as the Haloarchaea, for RM system and MTase candidate genes.
106
We further sequenced additional genomes from the genus Halorubrum which provided an 107 opportunity to examine patterns among very closely related strains. Upon examining their patterns 108 of occurrence, we discovered orphan methyltransferases widely distributed throughout the
109
Haloarchaea. In contrast, RM system candidate genes had a sparse and spotty distribution 110 indicating frequent gene transfer and loss. Even individuals from the same species isolated from 111 the same environment and at the same time, differed in the RM system complement.
112
Materials and Methods
113
Search Approach. The starting data consists of 217 Halobacteria genomes from NCBI and 14 in-
114
house sequenced genomes (Supplementary Table S1 ). We note that some of these genomes were
115
assembled from shotgun metagenome sequences and not from individual cultured strains. Genome 116 completion was determined through identification of 371 Halobacteriaceae marker genes using
117
CheckM v1.0.7 [47] . Queries for all restriction-methylation-specificity genes were obtained from the
118
Restriction Enzyme dataBASE (REBASE) website [48, 49] . As methylation genes are classified by 
121
percent identity. The resulting ~36,000 HGs were aligned with MUSCLE v3.8. 31 [51] . HMMs were 122 then generated from the alignments using the hmmbuild function of HMMER3 v3.1b2 (hmmer.org).
123
The ORFs of the 217 genomes were searched against the profiles via the hmmsearch function of 124 HMMER3. Top hits were extracted and cross hits filtered with in-house Perl scripts. Steps were taken 125 to collapse and filter HGs. First, the hits were searched against the arCOG database [52] using BLAST
126
[53] to assign arCOG identifiers to the members of each group. Second the R package igraph v1.2.2
127
[54] was used to create a list of connected components from the arCOG identifications. All members
128
of a connected component were collapsed into a single collapsed HG (cHG).
of recognition site annotation. This simplifies the need to search for secondary hits to find predicted 197 target sites. After applying an e-value cut-off of 1E-20, the top hit was assigned to each ORF.
199
CTAG and GATC motifs were counted with an inhouse perl script available at the Gogarten-
200
lab's GitHub [68] .
202
Gene Ontology. Sets of GO terms were identified for each cHG using Blast2GO [69] .
203
Annotations were checked against the UniProt database [70] using arCOG identifiers.
204
Results
205
RM-system gene distribution 
222
Together, the separate analyses indicate extensive gene gain and loss of RM-system genes. In 
226
The phylogeny of the class Halobacteria inferred from concatenated ribosomal proteins ( Figure   227 2) was largely comparable to prior work [71] , and with a taxonomy based on concatenations of 228 conserved proteins [72, 73] . For instance, in our phylogeny the Halorubracaea group with the
229
Haloferacaceae recapitulating the order Haloferacales, and the families, Halobacteriaceae, Haloarculaceae
230
and Halococcaceae group within the order Halobacteriales. Our genome survey in search of RM-
231
system genes encompassed a broad taxonomic sampling, and it explores in depth the genus
232
Halorubrum because it is a highly speciated genus, and because the existence of many genomes from 233 the same species allows within species distribution assessment.
235
Comparison of the phylogeny in Figure 2 to the heatmap giving the presence/absence of RM 236 system cHG candidates demonstrates that the cHG distribution is highly variable (Figure 2) . The 237 one glaring exception is cHG U, a DNA methylase found in 174 of the 217 genomes analyzed. Since
238
it is not coupled with a restriction enzyme of equal abundance, it is assumed to be an orphan MTase.
239
The 
259
The rest of the RM cHGs are much more patchily distributed (Figure 2 
277
Members of cHGs B, F, and D were found as likely co-transcribed units in Halococcus salifodinae,
278
Natronolimnobius aegyptiacus, Halorubrum kocurii, Haloarcula amylolytica (Figure 3) . In Halorubrum
279
DL, and Halovivax ruber XH70, genomes that contained members from cHGs A, B, D, E, and F these 280 genes were not found in a single unit, suggesting that they do not form a single RM system.
281
Together, these analyses suggest this Type I RM system has a wide but sporadic distribution, that 282 this RM system is not required for individual survival, and that functional substitutions occur for 283 cHGs.
285
Type II RM systems contain an MTase and an REase that target the same motif but do not require
286
an associated SSU because each enzyme has its own TRD. The Type II RM system cHGs are in 
289
witnessing decaying RM systems through the loss of the REase. The opposite result, more REases is 290 a more difficult scenario because an unmethylated host genome would be subject to restriction by the 291 remaining cognate REase (e.g., addiction cassettes). There are 14 "orphan" Type II REases in Figure   292 2, but their cognate MTase's absence could be explained by incomplete genome sequence data.
294
Type III RM systems have been identified in cHGs Q (MTase) and R and S (REases). Type III related strains also cultivated from Lake Bidgol in Iran but which are in a different but closely related
301
Halorubrum species (e.g., Ea8, IB24, Hd13, Ea1, Eb13) do not have a Type III RM system, implying 302 though exposed to the same halophilic viruses, they do not rely on this system for avoiding virus 303 infection.
305
Mrr is a Type IV REase that was suggested to cleave methylated GATC sites [74, 75] . Mrr
306
homologs are identified in most Haloferax sp., they have a sporadic distribution among other
307
Haloferacaceae and in the Halobacteriaceae, and are absent in the Natrialbaceae (Figure 2 
313
Horizontal Gene Transfer explains patchy distribution
314
The patchy appearance of RM system candidates was further investigated by plotting the
315
Jaccard distance of the presence-absence data against the alignment distance of the reference tree
316
(supplementary Figure S2) . If the presence-absence data followed vertical descent one would expect 317 the best-fit line to move from the origin with a strong positive slope. Instead, the best fit line is close 
322
system genes unique to a given group and a large amount of overlap in repertoires.
324
To further evaluate the lack of long-term vertical descent for RM system genes, a phylogeny was 
333
scores for the reference tree using the support set from the F81 tree was -0.509, illustrating that the 334 presence absence data do not support the topology of the reference phylogeny.
336
The patchy distribution of the RM system candidate genes and their lack of conformity to the 337 reference phylogeny suggests frequent horizontal gene transfer combined with gene loss events as 338 the most probable explanation for the observed data. To quantify the amount of transfer, the TreeFix-
339
Ranger pipeline was employed. TreeFix-DTL resolves poorly supported areas of gene trees to better 340 match the concatenated ribosomal protein gene tree used as reference. Ranger-DTL resolves optimal 341 gene tree rooting against the species tree and then computes a reconciliation estimating the number 342 of duplications, transfers, and losses that best explains the data ( T_I_S__F  T_I_R__E  T_I_M__A  T_I_R__D  T_I_M__B  T_I_R__C  T_I_S__G  Uncharacterized__AR  Mrr  probable_T_II_M__H  T_II_R__P  HNH_nuclease__AK  T_II_M__J  T_II_M__I  T_II_M__L  T_II_R__M  T_II_R__N 
T _ I_ S _ _ F T _ I_ R _ _ E T _ I_ M _ _ A T _ I_ R _ _ D T _ I_ M _ _ B T _ I_ R _ _ C T _ I_ S _ _ G U n c h a ra c te ri ze d _ _ A R M rr p ro b a b le _ T _ II _ M _ _ H T _ II _ R _ _ P H N H _ n u c le a se _ _
A K T _ II _ M _ _ J T _ II _ M _ _ I T _ II _ M _ _ L T _ II _ R _ _ M T _ II _ R _ _ N T _ II _ R _ _ O A d
400
( Figure 2) . Gene loss undoubtedly contributed to the sparse cHGs distribution; however, without
401
invoking frequent gene transfer, many independent and parallel gene losses need to be postulated.
402
We also observed that a number haloarchaeal species possess multiple Type I subunit genes, allowing 
469
also observed that the RM systems themselves had been frequently transferred within the species.
470
We conclude that RM genes in bacteria as well as archaea appear to undergo significant horizontal 471 transfer and are not well-conserved. Only when these genes pick up additional functions, do parts of 472 these systems persist for longer periods of time, as exemplified in the distribution of orphan MTases. 
Conclusions
of the GATC motif, the cognate orphan MTase was found only in genomes where this motif occurs 498 with high frequency.
499
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, 500 Figure S1 . Workflow of RMS-candidate gene search strategy.
501 Figure S2 . Plot of alignment distance as a function of presence-absence distance.
502 Figure S3 . PCoA plot of the distances between the RMS presence-absence profiles of the 217 analyzed
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Halobacterial genomes.
504 Figure S4 . Maximum-likelihood phylogeny of cHG presence-absence matrix.
505 Figure S5 . Bootstrap support values of the presence-absence phylogeny mapped onto the ribosomal 506 protein reference tree.
507 Table S1 . Basic statistics for Halobacteriaceae complete and draft genomes 508 
